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Summary 
Adaptive Nonlinear Finite Element Analyses of 
High Strength Steel Cladding Systems 
M. Duanl and M. Mahendran2 
In this paper, an adaptive nonlinear finite element method was developed and applied to the 
ultimate strength analysis of light gauge high strength steel cladding. Effect of mesh refinement 
on the solution accuracy was investigated for the nonlinear analysis of steel cladding systems 
under wind uplift loading. A comparison of numerical solutions was made with experimental 
results and a good agreement is shown using the adaptive finite element method. A parametric 
study was also conducted to investigate the factors that affect the ultimate strength behavior of 
high strength steel cladding systems. This paper presents the details of this study and the results. 
1. Introduction 
Thin steel roof and wall claddings are commonly made of thin and high strength steels and 
widely used in the building industry of Australia and its neighboring countries. During high 
wind events such as hurricanes, these claddings suffer from local pull-through failures at screw 
fastener connections under wind uplift loading. Loss of claddings always leads to a progressive 
collapse of the entire building and causes extensive damage to the building contents. The use of 
thin, high strength steels has increased the occurrence of local failures. The design of claddings 
has been essentially based on experimental testing. To date for the cases of steel cladding 
systems subjected to local connection failures, the design fonnulae in design codes and research 
papers are based on more expensive testing (AISI, 1989, Eurocode 3, 1992, Mahendran, 1991, 
1995). However in recent times commercially available finite element programs are 
increasingly used to investigate the understanding of the structural behavior and develop 
appropriate design rules. Past research used finite element programs MSCINASTRAN and 
MSC/ABAQUS to investigate the nonlinear behavior of the thin, high strength steel cladding 
systems and the associated local failures. However, the analysis results have shown that the 
analyses of pull-through failures associated with splitting are inaccurate (Tang and Mahendran, 
1999). Therefore, further work is needed since it is essential tO,efficiently model the nonlinear 
behavior and local failures that occur at the screwed connections of thin, high strength steel 
claddings. Efficiency and accuracy are important requirement of analysis and design. Because 
of the emergence and the wide applications of all kinds of available commercial packages, 
quality of numerical analysis has become more important. Therefore adaptive mesh refinement 
techniques based on a posteriori error estimator have become essential in large scale scientific 
computing. In order to accurately describe the behavior of complex practical engineering 
problems such as the steel cladding failures and obtain reliable design fonnulae, this research 
was undertaken and the results are presented in this paper. 
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In this paper, simple reference error estimation was introduced to model and analyze the large 
deformations with nonlinear material and yield behavior of steel roof and wall cladding systems 
under wind uplift loading using an available commercial finite element analysis package 
ANSYS 5.7. Detailed numerical analyses are presented and some basic problems that lead to 
cladding failures are investigated and compared with experimental results. This paper presents 
the details of this study and the results. 
2. Description of Steel Cladding Systems 
The profiled steel roof and wall cladding. systems that are commonly used in the Australian 
building industry are made of thin high strength steels and are usually crest-fixed with screw 
fasteners. Their structure and material characteristics are given next. 
Structural Model 
Thin steel claddings made of high strength steels G550 and different base metal thicknesses are 
investigated. As a typical case, a trapezoidal cladding system with crest-fixed screw fasteners as 
shown in Figure l(a) is considered in this paper. The span (L), depth (d) and pitch (p) of the 
cladding are 900 mm, 29 mm and 190 mm, respectively. The cross-section of the trapezoidal 
cladding is shown in Figure l(b). Geometrical nonlinearity was included in the model. 
(a) Two-span Cladding (b) Cross-section 
Figure 1. Trapezoidal Steel Cladding 
Material Characteristics 
An elasticity modulus of 200,000 MPa, Poisson's ratio of 0.3 and perfect elastic-plastic 
behavior with a yield stress 690 MPa were used to investigate their behavior under a uniform 
wind uplift pressure loading by nonlinear finite element analyses (PEA). Material nonlinearity 
was also included in the model. 
Boundary Conditions 
Due to the symmetry of the cladding structure and loading, one-quarter of the two-span 
specimen as shown in Figure l(a) by the shaded region was selected and used in this research. 
Based on the model characteristics, symmetry planes were applied on the boundaries of pan and 
crest planes of cladding structure. The constraint in the vertical direction to crest plane was 
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employed on the boundary of screw holes at the supports. Details of the corresponding 
boundary conditions are shown in Figure 4(a). 
3. Adaptive Nonlinear Finite Element Analyses 
3.1 Error Estimation 
Studies of error estimations and adaptive analysis were begun in the early 1970's. To date 
considerable amount of theoretical researches such as residual force method (Babuska and 
Rheinboldt, 1978), stress recovery technique (Zienkiewicz and Zhu, 1992, Boroomand and 
Zienkiewicz, 1999) and equilibrated residual method (Ladeveze and Leguillon, 1983) and 
development researches (Bausys et aI., 2001, Dunavant and Szabo, 1983, Gheri and Marzulli, 
2000 and Huerta and Diez, 2000) have been presented in many fields. Original work was from 
Babuska's contribution in mathematics. A summary account of a posteriori error estimation is 
given in Ainsworth and Oden (1997) whereas a good review of a posteriori error estimation 
techniques is presented in Verfurth (1999). However, most ofthe error estimators are relevant to 
physical quantities, i.e. elastic or plastic material behavior. This leads to complexity of error 
estimators for nonlinear analysis. Amount of research effort was in linear analysis. The 
efficiency of error estimators has an effect on mesh refinement. In current commercial FEA 
programs (NASTRAN, DIANA, ABAQUS, ANSYS), adaptive analysis functions are being 
added. However, only limited work has been done and the analysis is limited to linear problems 
and simple finite element codes. Therefore, adaptive analysis technique has not been applied 
fully to FEA programs. In this research, error estimation technique is used as an indicator of 
refining meshes and adaptive FEA is implemented to obtain improved numerical solutions. 
In this research, based on an error estimation scheme of extrapolated energy norm (Zienkiewicz 
et aI., 1989), an error estimation formulation is developed using sequent mesh refinement in 
FEA. Past researches (Hughes, 1987, Oden, 1989, Zienkiewicz et aI., 1989) showed that this 
kind of error estimation technique is efficient in adaptive FEA, and is not related to 
characteristics of linear or nonlinear problems. The error estimator was developed and 
presented (Duan et al. 1995), as follows 
hn+! 




where U and II-liE are the problem solution and an energy norm. hn and hn+! are the local mesh 
sizes. un and un+! are the corresponding finite element approximations. 
An error indicator 17 may be obtained 
(2) 
The error estimation is considered in adaptive FEA for the design of improved meshes. The 
99 
element error indicator reflects the distribution of the error over the meshes. The meshes are 
refined based on the error indicator. This process is repeated until an optimal mesh is obtained. 
Implementation of mesh refinement and performance of FEA are completed by combining error 
estimation with available commercial packages ANSYS. When a sequence of meshes is made 
through uniform refinement, the obtained meshes are nearly optimal if the error is 
approximately equally distributed on each element. A superior adaptive finite element method 
shows the improvement of accuracy in numerical solutions. 
3.2 Mesh Optimization and Nonlinear Analysis 
According to the principles of nonlinear FEA, the numerical analysis is possibly terminated 
because of a non-convergence solution when a small increase of load leads to very high 
variation of the structure. This means that structure has reached its failure load. However, a 
displacement convergence criterion does not suit materials with high hardening index. 
Otherwise a convergent solution can be judged as non-convergent. Therefore proper choices of 
convergence criterion and loading steps are important for tracing the failure load. 
In order to improve FEA results, some important factors that affect the accuracy of nonlinear 
solutions are considered in this work based on mesh division, numerical algorithm, structural 
peculiarity and material characteristics. (1) The numerical solution using commercial FEA 
software is very sensitive to the distortion of meshes, therefore the discretization of models has 
become very important in the analyses and poor meshes should be avoided using a method of 
improving node positions. (2) Refined meshes are implemented based on error estimation to 
obtain an available numerical result. (3) Since current research includes not only geometric but 
also material nonlinear analyses, the method of solving nonlinear equations and the criterion of 
judging convergence have some effects on the accuracy of numerical results. An inappropriate 
selection may give an erratic judgment for a convergence solution. In this paper, force and 
moment convergence criterion were chosen in FEA using ANSYS 5.7. (4) Small incremental 
steps were carried out in nonlinear analysis to trace accurately the failure load. The 
computational analysis process has shown that an iterative convergence rate reduces as the load 
is increased. (5) In order to avoid erratic solutions because of characteristics of the used shell 
elements, reduced integration technology was also used in the analysis. 
4. Numerical Analysis of Steel Cladding Systems 
Due to the use of screwed connections in steel roof cladding systems; experiments have shown 
that large stress concentrations occurred in sheeting and brought about initial building damage 
at screwed connections during hurricanes and storms. The behavior of pull-through failure was 
investigated using the presented adaptive FEM in order to improve the behavior of structures 
and develop reliable design formulae. 
4.1 Description of Nonlinear Shell Elements 
The steel cladding was modeled and analyzed using two types of ANSYS elements in this 
research. One shell element was SHELL43, a quadrilateral plastic large strain shell element 
with four nodes and six degrees of freedom at each node, i.e. three translations and three 
rotations about the nodal x, y and z axes. Another shell element was SHELL 181, a quadrilateral 
shell element with four nodes and six degrees of freedom at each node, i.e. three translations 
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and three rotations about the nodal x, y and z axes, and well suited for linear, large rotation and 
large strain nonlinear problems. However, these two shell elements have different 
characteristics. SHELL43 uses linear deformation shapes in plane direction and a mixed 
interpolation of tensorial components for out-of-plane motion, includes shear deflection, and 
introduces the Allman rotation to control two spurious zero energy modes. SHELL181 uses 
penalty method for the independent rotational degrees of freedom and an hourglass control 
method for membrane and bending modes, has both full integration and reduced integration 
function, avoids any spurious energy mechanisms, includes the effects of transverse shear 
deformation, is a higher accurate element than SHELL43 and can solve many problems that 
have convergence difficulties for the element SHELL43. Therefore these two types of elements 
are used in the current work. 
4.2 Adaptive Finite Element Analysis 
Two kinds of adaptive FEA are shown and compared in this section. One adaptive FEA is where 
the refined meshes are made and re-analyses are implemented based on error estimation after all 
load steps of nonlinear analysis are completed, as shown in Figure 2. Its analysis process is 
continuously implemented on the basis of the improved mesh by following steps: 1) An initial 
mesh is generated, 2) Nonlinear FEA is implemented for all load steps, 3) Local and global 
errors are computed by means of post-processing and maximum local error is found, 4) The 
mesh is refined if an acceptability criterion (170) is not met. Otherwise, analysis is stopped. This 
method may lead to an increase in computing time because of large-scale analyses. 
Load Loop 
No 
Figure 2. Adaptive FEA Procedure (1) 
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Another adaptive FEA is where the mesh refinement is performed during a load iteration of 
nonlinear analysis based on efficient error estimation. The flowchart of an analysis process is 
shown in Figure 3. This method requires refined mesh for each local increment within load loop 
and can not only efficiently improve computational efficiency in solution accuracy but also can 
save analysis time. An analysis process is undertaken using the following steps: 1) An initial 
mesh is designed, 2) A finite element analysis including geometric and material nonlinearities is 
carried out, 3) The discretization error is evaluated, the maximum local error is found and 
meshes are refined if an acceptability criterion (170) is not met. Otherwise, analysis of next step 
is implemented, 4) If the load step is less than maximum load applied, then next load step is 
implemented, 5) Analysis is terminated when all load steps are completed. A detailed adaptive 
FEA of steel cladding structure is shown in the following section. 
Yes 
Load Step < Maximum Load 
~o 
~ 
Figure 3 Adaptive FEA Procedure (2) 
Generation of 
Refinement Mesh 
4.3 Effects of Mesh Retinement on the Analyses of Structural Behavior 
In this section, the steel cladding was investigated and analyzed using ANSYS FEA program. 
Because of the presence of stress concentrations, the discretization of model is a very important 
aspect and has some effects on the solution accuracy. In the past researches, Mahendran (1994) 
used four-nodal quadrilateral and three-nodal triangular shell elements CQUAD4 and CTRIA3 
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from MSCINASTRAN element library to analyze the behavior of steel cladding systems. 
During the past four years, Tang and Mahendran (1999, 2000), Mahaarachchi and Mahendran 
(2001) have used four-nodal quadrilateral and three-nodal triangular shell elements S4R and 
STRI3 from MSC/ABAQUS element library to further investigate the behavior of steel 
cladding systems. The finite element analyses were based on rectangular or square elements. 
Even though some good analysis results have been obtained, further improvement is possible. 
Since all analytical meshes were based on analyst's experience and the mixed use of 
quadrilateral and triangular elements, inaccurate solutions are likely. The investigations of error 
of the numerical results obtained from the past research were not possible. In this paper, error 
estimation and mesh refinement strategy were applied to improve the numerical solution 
accuracy. The adaptive FEA of steel cladding structure is shown in Figure 5. The numerical 
results show that adaptive FEA during loop loads is more efficient than one out of loop loads, 
iteration loops were reduced and calculation time was saved for obtaining a reliable solution. 
The adaptive FEA of this paper has characteristics that do not need the transfer of variables 
from the old mesh to the new mesh. All database of old mesh can be reused. Due to the 
characteristics of shell elements SHELL43 and SHELLI81, local mesh refinement may lead to 
quadrilateral elements with sharp angle. In this paper, the refinement of area and local meshes 
were applied together. 
Screw Fastener X-----------, , I \ Symmetric Plane Screw Fastener 
~, J '-~WJiJJ1£~~ 
Free Boundary 
Symmetric Plane 
(a) Initial Mesh 
(b) Locally Refined Mesh 
Figure 4 Mesh Details 
Pan 
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(c) Locally Refined Mesh 
Figure 4 Mesh Details 
Figure 4(a) shows a coarse mesh used. A local mesh refinement was made based on the error 
estimation as shown in Figures 4(b) and 4 (c). The load-deflection curves at the mid-crest, 
mid-pan and support pan of the cladding using meshes (a) - (c) are depicted in Figure 5. The 
comparison of results from numerical analysis and full scale tests was made. It is seen that the 
deflection of cladding structure shows a linear distribution until the load per fastener reaches 
900 N. A good agreement between the numerical analysis and experimental results is obtained 
using the refined mesh and adaptive finite element method. When coarse meshes shown in 
Figure 4(a) were used, inaccurate ultimate loads were obtained. The numerical analyses using 
the refined mesh of Figure 4(b) show improved results. However, there exit some great errors in 
numerical results, in particular, the deflections at the middle of crest of one-span cladding. The 
numerical analyses have shown that the discretization of model is very important and improper 
meshes may lead to inaccurate solutions. The analysis obtained using mesh in Figure 4(c) 
obviously improves the numerical solution. The numerical results in Figure 5 shown by FEM 
(mesh (a» - FEM (mesh (c» were obtained by adaptive FEA procedure (1) and the mesh 
refinement was based on error estimation. The results of Adaptive FEM shown in Figure 5 are 
based on adaptive FEA procedure (2) whose solution accuracy is a little superior to that of 
adaptive FEA procedure (1). However, adaptive FEA procedure (2) saves computing time. 
Therefore, an efficient adaptive FEM can improve not only solution accuracy, but also 
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Figure 5 Comparison of Load-deflection Curves from Experiments and Numerical Analyses 
4.4 Analyses and Discussions of Structural Behavior 
Thin steel cladding structures with trapezoidal profiles are actually a folded plate structure. 
When subjected to wind uplift loads, a pull-through failure associated with splitting at the screw 
holes occurred at the crests of claddings. The analysis of cladding under the maximum load 
shows the presence of localized large deflection, and large strains around screw holes. This 
shows some good agreement with past researches including numerical and experimental 
analyses. Past researches (Tang and Mahendran, 1999, 2000, Mahaarachchi and Mahendran 
2001) have given detailed descriptions ofthe structural behavior of steel claddings under wind 
uplift loads. Therefore only limited results and discussions are given in this paper. Stress 
contours from the analyses showed that there are very high stress concentrations at the screwed 
holes. This also indicates that local dimpling failures occur at the screwed connection holes 
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under the maximum wind uplift load, and splitting possibly appears at the screw holes when the 
uplift loading is increased. The numerical analysis results show a good agreement with 
theoretical principles and phenomenon observed in experiments. 
5. Ultimate Capacity of Steel Claddings 
In this section, the numerical analyses were extended to include a parametric study of ultimate 
capacity for steel claddings. The influence of thickness and span of the steel cladding systems 
on ultimate loads was investigated and comparisons of numerical and experimental results were 
made. 
5.1 Effect of Thickness 
The failure load per fastener related to thickness was computed using elements SHELL43 and 
SHELL181. The corresponding failure loads obtained using the relevant American, Australian 
and European design formulae (AISI 1989, SA, 1996, EC3, 1992), various design formulae of 
Macidoe et al. (1995), Mahendran (1994) and Mahendran and Tang (1999) and experiments are 
compared in Figure 6. The design formulae of American and European provisions show that the 
pull-through failure loads are a linear function of the thickness of steel cladding material. It is 
clearly seen from experimental analyses that this is not reasonable. Even though Macidoe et ai's 
modified formula (1995) has improved the design formulae based on a series of cross-tension 
tests, but is still inadequate. Mahendran and Tang's (1999) formula appears to produce 
improved correlation with numerical and experimental results. However, further research is 
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Figure 6 Failure Load versus Thickness Curve 
5.2 Effect of Spans 
0.6 0.7 
Numerical analyses were also conducted to investigate the effect of span on the failure load of 
claddings. Numerical results are compared with available experimental results in Figure 7. A 
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6. Conclusions ) 
An adaptive finite element method was presented for steel cladding systems with nonlinear 
characteristics using ANSYS FEA program. The influence of mesh refinement on the accuracy 
of numerical results was considered. The ultimate load of steel cladding systems was analyzed. 
The failure behavior including geometric and material nonlinear characteristics of steel 
claddings was investigated and compared with experimental results. Numerical results show the 
improvement of numerical analysis. The presented analysis method can also be applied in 
general nonlinear structural analysis of structures. 
7. References 
Ainsworth, M. and Oden, J. T. (1997) A posteriori error estimation in finite element analysis, 
Comput. Methods Appl. Mech. Engrg., 142: 1-88. 
American Iron and Steel Institute (AISI) (1989) Specification for the design of cold-formed 
steel structural members, Washington, DC: Addendum, AISI. 
ANSYS 5.7, Swanson Analysis Systems Inc., P. O. Box 65, Hauston, PA 15342, USA. 
Babuska, I. and Rheinboldt, W. C. (1978) A posteriori error estimates for the finite element 
method, Int. J. Numer. Methods Engrg., 12:1597-1615. 
Bausys, R., Hager, P. and Wiberg, N. E. (2001) Postprocessing techniques and h-adaptive finite 
element-eigen problem analysis, Computers and Structures, 79: 2039-2052. 
Boroomand, B. and Zienkiewicz, O. C. (1999) Recovery procedures in error estimation and 
adaptivity. Part II: adaptivity in nonlinear problems of elasto-plasticity behaviour, Comput. 
Methods Appl. Mech. Engrg., 176: 127-146. 
107 
Duan, M., Miyamoto, Y., Iwasaki, S., Zhou, B. and Deto, H. (1995) Anew a-posteriori error 
estimation of adaptive finite element, Proceedings of Technological Research Conference of the 
Japan Society of Civil Engineers, 8-9. 
Dunavant, D. A. and Szabo, B. A. (1983) A posteriori error indicators for the p-version of the 
finite element method, Int. J. Numer. Methods Engrg., 19: 1851-1870. 
Eurocode 3 (1992) Design of Steel Structures, Part 1.3 - Cold-formed thin-gauge members and 
sheeting. Draft document CENITC250/SC3 - PTlA. Commission of the European 
communities, August. 
Gheri, G. and Marzulli, P. (2000) Parallel shooting with error estimate for increasing the 
accuracy, Journal of Computational and Applied Mathematics, 115: 213-227. 
Huerta, A. and Diez, P. (2000) Error estimation including pollution assessment for nonlinear 
finite element analysis, Cornput. Methods Appl. Mech. Engrg., 181: 21-41. 
Hughes, T. J. R. (1987) The Finite Element Method, Prentice Hall International, Stanford. 
Ladeveze, P. and Leguillon, D. (1983) Error estimate procedure in the finite element method 
and applications, SIAM J. Numer. Anal., 20, 485-509. 
Macindoe, L., Adams, J. and Pham, L. (1995) Performance of single point fasteners. Report to 
the CRC for Materials, Welding and Jointing, CSIRO Division of Building, Construction and 
Engineering, Melbourne. 
Mahaarachchi, D. and Mahendran, M. (2001) Pull-through failures in crest-fixed high tensile 
steel claddings, Proc. of Australasian Structural Engineering Conference, Gold Coast, 483-490. 
Mahendran, M. (1991) Random block load testing of steel roof claddings to simulate cyclonic 
wind forces, International Conference on Steel and Aluminium Structures 91, Singapore, 
753-762. 
Mahendran, M. (1994) Behaviour and design of crest-fixed profiled steel roof claddings under 
Wind Uplift, Engineering Structures, 16 (5): 368-376. 
Mahendran, M. (1995) Test methods for the determination of pull-through strength of screwed 
connections in profiled steel claddings, Australian Civil Engineering Transactions, Australia, 
CE37(3): 219-227. 
Mahendran, M. and Tang, RB. (1999) Pull-through strength of high tensile steel cladding 
systems, Australian Journal of Structural Engineering, 2(1): 37-50. 
Oden, J. T., Demkowicz, L., Rachowicz, W., Westermann T. A. (1989) Toward a universal h-p 
adaptive finite element strategy, part 2. A posteriori error estimation, Comput. Methods Appl. 
Mech. Engrg. 77: 113-180. 
Standards Australia (SA) (1996) AS4600 Cold-formed steel structures code, Sydney. 
108 
Tang, R. B. and Mahendran, M. (1999) Pull-over strength of trapezoidal steel c1addings, Proc. 
of the 4th International Conference on Steel and Aluminium Structures, Helsinki, Finland, 
609-616. 
Tang, R. B. and Mahendran, M. (2000) Numerical Modelling of Profiled Steel Claddings, Proc. 
of the First International Conference on Structural Stability and Dynamics, Taipei, Taiwan, 
751-756 
Verfurth, R. (1999) A review of a posterior error estimation techniques for elasticity problems, 
Comput. Methods Appl. Mech. Engrg., 176: 419-440. 
Zienkiewicz, O. C., Zhu, J. Z. and Gong N. G. (1989) Effective and practical h-p-version 
adaptive analysis procedures for the finite element method, Int. J. Numer. Methods Engrg., 28: 
879-891. 
Zienkiewicz, O. C. and Zhu J. Z. (1992) The superconvergent patch recovery and a posterior 
error estimates. Part 1: The recovery technique, Int. J. Numer. Methods in. Engrg., 33: 
1331-1364. 

